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Super-hydrophilic  conducting  polyaniline  was  prepared  by  surface  modification  of  polyaniline  using 
tetraethyl  orthosilicate  in  water/ethanol  solution,  whereas  its  conductivity  was  4.1 6  S  cm-1  at  25  °C. 
And  its  electrochemical  capacitance  performances  as  an  electrode  material  were  evaluated  by  the  cyclic 
voltammetry  and  galvanostatic  charge/discharge  test  in  0.1  M  H2SO4  aqueous  solution.  Its  initial  specific 
capacitance  was  500  Fg-1  at  a  constant  current  density  of  1.5Ag-1,  and  the  capacitance  still  reached 
about  400Fg_1  after  5000  consecutive  cycles.  Moreover,  its  capacitance  retention  ratio  was  circa  70% 
with  the  growth  of  current  densities  from  1.5  to  20  A  g-1,  indicating  excellent  rate  capability.  It  would  be 
a  promising  electrode  material  for  aqueous  redox  supercapacitors. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  capacitors,  also  called  supercapacitors,  have 
attracted  great  interest  as  an  important  energy-storage/conversion 
device  [1,2].  Nowadays,  high-surface  activated  carbons,  noble 
metal  oxides  and  conducting  polymers  are  the  main  families  of 
electrode  materials  for  electrochemical  capacitors  [3-5]. 

Polyaniline  is  one  of  the  most  extensively  investigated  conduct¬ 
ing  polymers  because  of  its  good  stability,  low  cost,  and  unique 
doping/de-doping  mechanism  [6,7].  For  the  electrochemical  capac¬ 
itor  application,  it  is  important  to  synthesize  nano-size  polyaniline, 
because  they  show  better  rates  and  larger  capacities  than  tradi¬ 
tional  materials.  Within  the  nano-structured  electrode  material, 
the  transportation  distance  of  ions  in  electrolyte  is  smaller  than 
within  the  conventional  electrode  material  with  the  same  chemi¬ 
cal  composition  [8-12].  Now,  nano-size  polyaniline  with  different 
morphologies  have  been  synthesized  by  many  methods  [13-17], 
and  their  electrochemical  capacitance  performances  as  an  elec¬ 
trode  material  have  also  been  reported  [18-22].  However,  we 
think  that  super-hydrophilicity  of  electrode  materials  should  also 
be  considered  for  aqueous  redox  supercapacitors,  because  good 
hydrophilicity  is  advantageous  to  the  diffusion  of  aqueous  elec¬ 
trolyte  during  the  charge/discharge  process. 

Here  we  describe  an  inexpensive  and  simple  route  to  the 
preparation  of  super-hydrophilic  conducting  polyaniline  by  sur¬ 
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face  modification  of  polyaniline  using  tetraethyl  orthosilicate  in 
water/ethanol  solution.  What  is  particularly  exciting  is  that  the 
surface  modification  enables  the  formation  of  abundant  meso- 
pores  in  polyaniline,  which  contributes  excellent  electrochemical 
capacitance  performances  to  polyaniline  electrode  material.  The 
electrochemical  investigations  show  that  its  specific  capacitance  is 
500Fg_1  at  a  constant  current  density  of  1.5  Ag_1  in  0.1  M  H2S04 
aqueous  solution,  and  the  capacitance  retention  ratios  reaches  circa 
70%  with  the  growth  of  current  densities  from  1.5  to  20Ag_1.  It 
would  have  a  great  potential  for  aqueous  redox  supercapacitors 
application. 


2.  Experimental 

Aniline  (Shanghai  Chemical  Works,  China)  was  redistilled  before 
use,  while  tetraethyl  orthosilicate  (Shanghai  Medical  and  Chem¬ 
ical  Works,  China)  was  used  without  further  purification.  Other 
chemicals  used  were  of  analytical  reagent  grade. 

Preparation  of  conducting  polyaniline  (PAn)  was  shown  as  fol¬ 
lows.  First,  0.9  ml  of  aniline  was  injected  into  80  ml  of  1 .5  M  HC1,  and 
then  2.28  g  of  (NH4)2S208  (APS)  (dissolved  in  20  ml  of  de-ionized 
water)  was  quickly  added  into  above  solution.  The  mixture  was 
kept  stirring  for  5  h  at  room  temperature.  The  product  was  filtered, 
and  washed  with  de-ionized  water  until  the  filtrate  became  color¬ 
less  and  neutral.  Undried  polyaniline  (contained  80%  water)  was 
obtained. 

Super-hydrophilic  conducting  polyaniline  (SH-PAn)  was  pre¬ 
pared  as  follows.  22  ml  of  tetraethyl  orthosilicate  (TEOS)  was 
mixed  with  22  ml  of  anhydrous  ethanol,  and  then  6  g  of  undried 


5418 


X.  Li  et  al.  /  Journal  of  Power  Sources  195  (2010)  5417-5421 


polyaniline  was  dispersed  in  above  solution  under  ultrasonication. 
After  the  pH  value  of  the  suspended  liquid  was  adjusted  to  3  with 
1.5  M  HC1,  de-ionized  water  was  added,  and  the  final  mole  ratio  of 
H20  and  TEOS  was  3  to  1 .  The  hydrolysis  and  condensation  of  TEOS 
were  carried  out  for  24  h  under  constant  stirring  at  25  °C.  Product 
was  filtrated,  and  washed  with  de-ionized  water.  Finally,  it  was 
dried  at  60  °C  for  24  h  under  vacuum.  A  fine  green  powder  was 
obtained. 

The  process  of  hydrolysis  and  condensation  of  TEOS  is  described 
as  follows: 

OC2H5  oh 

I  I 

OC2H5 -  si - OCoH5  +  4H->0 - ►  OH -  Si - 

I  I 

oc2H5  oh 

OH  OH  OH 


with  c,  it  is  obvious  that  the  morphology  of  PAn  has  some  changes 
after  the  surface  modification.  However,  the  contact  angle  of  SH- 
PAn  for  aqueous  solution  is  0°,  indicating  that  SH-PAn  is  of  super- 
hydrophilicity,  and  the  contact  angle  of  PAn  is  about  81°. 

In  order  to  investigate  the  effects  of  the  surface  modification 
on  surface  area,  average  pore  size  and  pore  size  distributions,  BET 
specific  surface,  BJH  adsorption  average  pore  diameter  and  pore 
size  distributions  of  SH-PAn  and  PAn  are  also  measured,  which 
results  are  shown  in  Tables  1  and  2.  It  is  obvious  that  BET  specific 
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PAn-based  and  SH-PAn-based  working  electrodes  were  pre¬ 
pared  as  follows:  the  mixtures  containing  75  wt%  PAn  or  SH-PAn, 

20  wt%  Super  P  and  5  wt%  polyvinylidene  fluoride  were  well  mixed, 
and  then  the  mixture  was  spread  onto  carbon  paper  substrate, 
which  its  area  was  circa  0.5  cm2. 

The  electrochemical  performances  of  working  electrode  were 
characterized  by  a  CHI760C  potentiostat/galvanostat  at  25  °C.  A 
conventional  three-electrode  cell  was  used,  in  which  platinum 
and  the  saturated  calomel  electrode  (SCE,  0.242  V  vs.  the  normal 
hydrogen  electrode  (NHE))  were  used  as  counter  and  reference 
electrodes,  respectively.  The  constant  current  charge/discharge 
cycling  was  performed  by  a  Land  CT  2001 A  battery  workstation 
at  25  °C  within  the  potential  window  0-0.80  V  vs.  SCE.  The  used 
electrolyte  was  0.1  M  H2S04  aqueous  solution. 

Fourier-transform  infrared  spectra  (FTIR)  of  the  powder  sam¬ 
ples  were  recorded  with  a  Nicolet  Magna  IR550  spectrometer. 
The  component  analysis  for  SH-PAn  was  done  by  a  scanning  elec¬ 
tron  microscopy  equipped  with  an  energy  dispersive  X-ray  system 
(SEM/EDS)  (SEM:  JSM-6360LV,  EDS:  Falcon).  And  the  morphology 
was  also  observed  by  a  JSM-6360LV  scanning  electron  microscope. 
Measurements  of  wide-angle  X-ray  diffraction  (WXRD)  were  car¬ 
ried  out  on  a  Rigaku  D/Max  2550  VB/PC  X-ray  diffractometer  using 
Cu  Ka  radiation.  BET  specific  surface,  average  pore  size  and  pore 
size  distributions  were  measured  by  a  ST-08A  Surface  Area  and  Pore 
Size  Analyzers.  The  contact  angles  of  samples  were  measured  with 
a  JC2000A  static  contact  angle/surface  tension  analyzer  at  25  °C. 
Conductivities  were  measured  on  compressed  pellets  of  powder 
sample  by  the  conventional  four-probe  technique  at  25  °C. 

3.  Results  and  discussion 

3.1.  Morphology  and  surface  properties 

SEM  and  contact  angles  of  SH-PAn  and  PAn  are  given  in  Fig.  1. 
Fig.  1  shows  that  SH-PAn  is  irregular  granule.  Comparing  Fig.  la 
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surface  of  SH-PAn,  which  is  178.3549  m2  g-1,  is  larger  than  that 
of  PAn  (27.5698  m2  g-1 ),  and  BJH  adsorption  average  pore  diame¬ 
ter  of  SH-PAn  is  3.5846  nm,  which  is  far  smaller  than  that  of  PAn 
(26.8780  nm).  This  suggests  that  TEOS  polycondensate  should  be 
modified  on  the  surface  of  PAn,  and  large  numbers  of  mesoporous 
are  created,  which  endow  SH-PAn  with  high  specific  surface. 


3.2.  Conductivity 

The  conductivity  of  SH-PAn  reaches  4.1 6  S  cm-1  at  25  °C,  which 
is  on  the  same  order  of  magnitude  in  comparison  with  that  of  PAn 
(6.87  S  cm-1).  This  also  indicates  that  TEOS  polycondensate  does 
not  form  a  compact  wrap,  which  is  likely  to  form  an  enclosing  open¬ 
work  structure,  or  else  the  conductivity  of  SH-PAn  should  greatly 
decrease. 


Table  1 

Specific  surface,  average  pore  diameter  of  SH-PAn  and  PAn. 

Specific  surface  and  average  pore  diameter  SH-PAn  PAn 

BET  specific  surface  (m2  g_1 )  178.3549  27.5698 

BJH  adsorption  average  pore  diameter  (nm)  3.5846  26.8780 


Table  2 

The  pore  size  distributions  of  SH-PAn  and  PAn. 


Pore  size  range  (nm) 

SH-PAn  (%) 

PAn  (%) 

<5 

78.99 

4.03 

5-30 

4.35 

18.17 

30-50 

2.36 

15.49 

50-100 

5.25 

27.11 

>100 

9.05 

35.20 

Current  density  /  mA  cm  ,  Current  density  /  mA  cm 
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Fig.  1.  SEM  and  contact  angles  of  SH-PAn  (a  and  b)  and  PAn  (c  and  d),  aqueous  solution  is  used  as  wetting  agent. 


3.3.  Electrochemical  capacitance  performances 


-0.2  0.0  0.2  0.4  0.6  0.8  1.0 

PotentialA/  (vs.  SCE) 


15 


-0.2  0.0  0.2  0.4  0.6  0.8  1.0 

PotentialA/  (vs.  SCE) 


Fig.  2.  CVs  of  SH-PAn  and  PAn  at  different  scan  rates  (16,  25,  36,  49,  64,  81  and 
100  mV  s-1 ),  electrolytic  solution:  0.1  M  H2S04  aqueous  solution. 


CVs  of  SH-PAn  and  PAn  at  different  scan  rates  are  given  in  Fig.  2, 
which  are  1 6,  25,  36, 49,  64,  81  and  1 00  mV  s-1 ,  respectively.  Fig.  2 
shows  that  the  capacitance  characteristics  of  SH-PAn-based  and 
PAn-based  electrodes  are  distinct  from  that  of  the  electric  double¬ 
layer  capacitance,  which  produces  a  CV  curve  close  to  the  ideal 
rectangular  shape.  From  Fig.  2,  it  is  also  noted  that  the  redox  cur¬ 
rents  of  SH-PAn  and  PAn  clearly  increase  with  increasing  scan  rate. 
The  slight  shifts  of  redox  peaks  are  observed  with  an  increase  of 
scan  rate,  but  they  still  indicate  good  rate  capability. 

Electrochemical  capacitance  performances  of  SH-PAn  are  sum¬ 
marized  in  Figs.  3  and  4.  Fig.  3a  gives  the  charge/discharge  curves  of 
SH-PAn  at  different  current  densities  ( 1 .5, 2.5, 5.0, 7.5, 1 0, 1 2.5, 1 7.5, 
1 5,  20  A g_1 )  within  a  potential  window  0-0.7  V  vs.  SCE.  Their  spe¬ 
cific  capacitance  can  be  calculated  according  to  the  fowling  formula 
[23]. 

C  Ixt 
m  m  AV x m 

where  Cm  is  the  specific  capacitance  [Fg_1],  I  is  charge/discharge 
current,  t  is  the  time  of  charge/discharge,  A  V  is  the  voltage  differ¬ 
ence  between  the  upper  and  lower  potential  limits,  and  m  is  the 
mass  of  active  material. 

Although  the  capacitance  of  SH-PAn  slowly  decreases  with  the 
growth  of  current  density,  as  shown  in  Fig.  3b,  the  capacitance 
retention  rate  still  reaches  circa  70%  with  growth  of  current  den¬ 
sities  from  1.5  to  20  A  g-1,  indicating  that  high  capacitance  of 
SH-PAn-based  electrode  can  be  maintained  under  high  power  oper¬ 
ations. 

The  specific  capacitance  as  a  function  of  cycle  numbers  is  given 
in  Fig.  4.  Fig.  4  shows  that  the  specific  capacitance  of  SH-PAn-based 
electrode  material  is  about  500  Fg-1  in  the  initial  cycle,  and  still 
retains  80%  (circa  400  Fg-1)  after  5000  consecutive  cycles.  This 
means  that  SH-PAn-based  electrode  material  has  also  good  cycle 
stability  during  the  charge/discharge  process. 
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Fig.  3.  (a)  Charge/discharge  tests  of  SH-PAn  with  various  currents  (1.5,  2.5,  5.0,  7.5, 
10,  12.5, 17.5, 15,  20Ag_1)  and  (b)  capacitance  retention  rate  vs.  charge/discharge 
current  density. 

Good  electrochemical  capacitance  performances  of  SH-PAn- 
based  electrode  material  should  owe  to  the  presence  of  mesoporous 
structure  and  its  super-hydrophilicity.  First,  plentiful  mesoporous 
and  super-hydrophilicity  provide  a  fast  and  short  diffusion 
approach  for  the  aqueous  electrolyte.  During  the  charge/discharge 


Fig.  4.  Capacitance  of  SH-PAn  vs.  cycle  number,  charge/discharge  at  a  current  den¬ 
sities  of  1.5  Ag_1  within  the  potential  window  0-0.8  V  vs.  SCE. 


Wavenumbedcm1) 


process,  the  diffusion  length  L  of  ions  within  the  electrode  can  be 
estimated  as  (Dt)1/2,  where  D  and  t  are  the  diffusion  coefficient 
and  time,  respectively  [4].  The  value  of  t  decreases  rapidly  at  high 
charge/discharge  current  density.  Therefore,  increasing  the  diffu¬ 
sion  coefficient  (D)  and  reducing  the  diffusion  length  (I)  will  ensure 
the  high  utilization  of  electrode  materials.  Second,  large  numbers 
of  mesoporous  endow  SH-PAn  with  high  specific  surface,  which 
make  actual  current  density  in  SH-PAn-based  electrode  mate¬ 
rial  decrease.  Consequently,  the  degradation  of  polyaniline  due  to 
high  overpotential  is  reduced.  Moreover,  an  enclosing  openwork 
structure  built  by  TEOS  polycondensate  can  relieve  the  changes 
of  polyaniline  volume  due  to  the  inset/out  of  ions  during  the 
charge/discharge  process,  especially  at  high  current  densities.  It  is 
also  advantageous  for  improving  the  electrochemical  cycle  stability 
of  polyaniline. 

3.4.  Fourier- transform  infrared  spectra  and  energy  dispersive 
spectroscopy 

The  occurrence  of  hydrolysis  and  condensation  of  TEOS  is  also 
confirmed  by  FTIR  spectra  and  EDS,  as  shown  in  Fig.  5.  In  the  FTIR 
spectrum  of  TEOS  polycondensate,  there  is  a  peak  at  940  cm-1  com¬ 
ing  from  the  stretching  vibration  of  Si-OH  group,  a  width  peak  at 
3000-3600  cm-1  is  attributed  to  -OH  group  asymmetric  stretching, 
and  the  peaks  at  1000-1 100  cm-1  is  assigned  to  Si-O-Si  asym¬ 
metric  stretching,  while  Si-O-Si  symmetric  stretching  is  about  at 
780  cm-1  [24-26].  Comparing  with  FTIR  spectra  of  PAn  and  SH-PAn, 
it  is  noted  that  the  peak  related  -OH  group  asymmetric  stretch- 
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20 


Fig.  6.  Wide-angle  X-ray  diffraction  of  SH-PAn  and  PAn. 

ing  has  changes.  Although  the  peak  at  1000-1 100  cm-1  assigned 
to  Si-O-Si  asymmetric  stretching  is  covered  by  other  strong  peaks 
coming  from  PAn,  EDS  of  SH-PAn  clearly  suggests  the  presence  of 
silicon  in  the  reaction  product,  as  shown  in  Fig.  5b.  Moreover,  the 
stretching  vibration  of  Si-OH  group  is  also  found.  Therefore,  it  is 
believed  that  TEOS  polycondensate  is  formed,  accompanying  by 
the  hydrolysis  and  condensation  of  TEOS. 

3.5.  Wide-angle  X-ray  diffraction 

Wide-angle  X-ray  diffraction  patterns  for  PAn  and  SH-PAn  are 
given  in  Fig.  6.  In  the  pattern  of  PAn,  there  are  three  broad  peaks 
centered  at  20  =  14.82°,  20.06°  and  25.09°,  which  are  ascribed  to 
the  periodicity  parallel  and  perpendicular  to  the  polyaniline  chain, 
respectively  [27,28].  Fig.  6  shows  that  the  diffraction  pattern  of 
SH-PAn  is  similar  to  that  of  PAn,  whereas  the  amorphous  region  is 
dominant.  However,  diffractive  peaks  at  14.82°  and  20.06°  hardly 
disappear  in  SH-PAn.  This  means  that  the  arrangement  of  polyani¬ 
line  chain  also  has  slight  changes  in  the  process  of  the  surface 
modification,  whereas  the  periodicity  perpendicular  is  of  predom¬ 
inance  absolutely  in  SH-PAn. 

4.  Conclusion 

A  novel  method  is  found  to  prepare  polyaniline  with  good 
electrochemical  capacitance  performances  for  aqueous  redox 
supercapacitors.  TEOS  polycondensate  endows  polyaniline  with 
super-hydrophilic  property  and  creates  plentiful  mesoporous 


structures,  which  provide  a  fast  and  short  diffusion  approach  for 
the  aqueous  electrolyte.  As  an  electrode  material,  it  shows  large 
specific  capacitance,  high  rate  capability  and  good  cycle  stability  in 
0.1  M  H2S04  aqueous  solution.  Its  specific  capacitance  is  500  Fg-1 
at  a  constant  current  density  of  1 .5  A  g_1 ,  and  the  capacitance  reten¬ 
tion  ratios  reaches  circa  70%  with  the  growth  of  current  densities 
from  1.5  to  20  A  g-1.  The  method  we  used  is  very  simple,  and  it  is 
probably  more  practical  to  bring  about  industrialization. 
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